Extend L-band amplification, high gain C + L-band amplification for coarse wavelength division multiplexing and short pulse amplification can be realized using bismuth based erbium doped fiber. On the other hand, step-index type fiber using bismuth based glass whose refractive index of 2.22 at 1.55 lm is fabricated. This fiber exhibits high non-linearity (c = 1360 W À1 km À1 ) because of the high non-linearity of the glass material and the small effective core area.
Introduction
Internet and data traffic continues to grow steadily, which are stimulating the demand for higher information transmission capacity of backbone and 'metro' optical network. To meet the capacity demand, wavelength division multiplexing (WDM) and optical time division multiplexing (OTDM) have been practically proposed. Material technology is one of the key technologies to realize WDM and OTDM system. Refractive index is the most significant optical property of glass, because this index shows interaction between light and glass material. High refractive index enhances or affects emission property or optical non-linearity. Thus this feature is very important for the advanced optical telecommunication and processing devices in both WDM and OTDM systems. Heavy metal oxide glasses containing TeO 2 , PbO, Ga 2 O 3 and Bi 2 O 3 are well known to show high refractive index. However, glasses which exhibit refractive index higher than 2.0 with higher thermal stability for fiber drawing are not practically available. We have developed novel bismuth oxide based glasses which show refractive indices higher than 2.0 with higher thermal stability, and have fabricated optical fiber using these glasses for erbium doped fiber amplifier (EDFA) and non-linear applications.
In order to increase the transmission capacity in WDM systems, broadening amplifiable band is strongly desired. EDFA is commonly used for WDM system. To increase the WDM channel counts, the first solution is to reduce spacing between the wavelengths, and the second solution is to broaden the bandwidth limited by EDFA. To broaden EDFA, expanding the gain bandwidth of EDFA is required. This bandwidth depends on local structures of Er 3+ ions in glasses, which in turn depends on the glass compositions. To expand the bandwidth of telecommunication, many fiber amplifiers such as germanium doped silica-based EDF, germanium/aluminum doped silica-based EDF have been developed [1] . Moreover, several materials have been proposed such as tellurite-based EDF [2, 3] , antimony based EDF [4] , phosphorous co-doped silica-based EDF [5, 6] region from 1530 to 1620 nm [7] [8] [9] . In this paper, we report extend L-band amplification, high gain C + L-band amplification for coarse WDM and short pulse amplification.
All-optical signal processing techniques will play a key role in future wideband WDM networks and ultra-highspeed OTDM systems. Optical wavelength conversion of WDM signals, optical demultiplexing of OTDM signals, and optical signal regeneration are typical examples of such all-optical signal processing. Third-order optical non-linearity is employed in these applications. Optical fiber is one of the candidates for third-order non-linear media because of its high-power density and long interaction length. Highly non-linear fiber allows us to shorten the fiber length and to reduce the required optical power. The non-linear coefficient c of the fiber is written as
where n 2 is the non-linear refractive index, k the wavelength, and A eff the effective core are of the fiber [10] . Thus we have two approaches to enhance the fiber non-linearity c. One is to reduce the effective core area A eff and the other is to use a glass material whose n 2 is high. For example, the c value of a standard single mode SiO 2 -based fiber is 2.7 W À1 km À1 , and that of SiO 2 -based holey fiber which has very small A eff is 60 W À1 km À1 [11] . Lead silicate based holey fiber was recently reported to show high c = 1820 W À1 km À1 [12] . Tellurite based holey fiber whose zero dispersion wavelength was shifted to 1.5 lm band was reported to show high c = 675 W À1 km À1 with small A eff (3.54 lm 2 ) [13] . On the other hand, we have proposed highly non-linear fiber made up of the Bi 2 O 3 -based glass, and reported that this fiber has a high non-linear coefficient c = 64 W À1 km À1 with the conventional step-index structure and with ordinary A eff of 20 lm 2 [14] . This high nonlinearity originates from high non-linearity of Bi 2 O 3 -based glass [15] . In addition to the high non-linearity, this fiber shows relatively low propagation loss less than À0.8 dB/ m, fusion spliceability to SiO 2 fibers, and good mechanicalchemical-and thermal-durability. Owing to these practical characteristics, the Bi 2 O 3 -based glass has also been applied to the highly non-linear holey fiber [16] .
Recently we developed a novel Bi 2 O 3 -based glass material which has high refractive index more than 2.2 at 1.55 lm and a suitable cladding glass material for the step-index structure with small A eff [17, 18] . In this paper, we report the fabrication of the step-index type fiber (Bi-NLF) with A eff of 3.3 lm 2 using this new Bi 2 O 3 -based glass, and the evaluation of its non-linearity using the four wave mixing (FWM) method. We found that the Bi-NLF has a high non-linear coefficient c of 1360 W À1 km À1 .
Er doped fiber

Fiber fabrication
Lanthanum/erbium co-doped Bi 2 O 3 -based glass was prepared by a melting method. We fabricated single mode Bi-EDF (cladding diameter of 125 lm) with plastic coating. The Er concentrations are 3250 or 6500 wt-ppm (0.8, 1.6 · 10 À20 /cc) and the La concentration is 4.4 wt% in these fibers. The mode field diameter at 1550 nm was set to be 6.2 lm. The refractive index of the core and the numerical aperture of the fiber at 1550 nm were 2.03 and 0.20, respectively. The propagation loss of 0.55 dB/m was estimated at 1310 nm using the cut-back method. The Bi-EDFs were fusion-spliced to high NA fibers (Corning HI980) using a commercial fusion-splicer and the average splice loss was estimated to be less than 0.5 dB/point. Angled-cleaving and splicing were applied to suppress the reflection due to the large refractive index difference between the Bi-EDF and silica fiber. Mixed angle which satisfies Snell's low was also adopted to reduce the coupling loss (6°for Bi-EDF, 8°for silica fiber).
Extended L-band amplification
Although C-and L-band amplifiers have been practically implemented using EDFAs in WDM systems, several issues have remained especially in L-band amplifiers. One is extending the L-band region to longer wavelength in order to expand the gain bandwidth and to reduce undesirable non-linear effects in dispersion shifted transmission fiber. The other is reducing the FWM errors with high-power signals since interaction length in EDF is longer in L-band amplifiers compared with that in C-band amplifiers.
Only 250-cm long Bi-EDF (3250 ppm of Er) exhibits broadband gain even in extend L-band region to 1620 nm and no increase in noise figure (NF) beyond 1610 nm wavelength [19] as shown in Fig. 1 . The measurement error was less than 0.5 dB in this experiment. This extended L-band characteristics are based on the broadband Er 3+ emission in the host glass [7] . The demonstration of a 253-cm-long Bi-EDF which provides gain greater than 20 dB and NF less than 6.7 dB to 142 DWDM channels simultaneously over an extended wavelength range of 58 nm from 1554 to 1612 nm was reported [20] . The 3-dB (gain of 17-20 dB) bandwidth of the Bi-EDFA is 54 nm when it is pumped with 350 mW of 1480-nm beam and the power conversion efficiency of the fiber is about 54%.
Although bismuth oxide glass has higher non-linear refractive index than other glasses [15] , Bi-EDF has the advantage of needing just a few meters fiber for effective L-band amplification [19, 20] . We also demonstrated very low non-linearity L-band amplifier with Bi-EDF. Output signal power dependence on the ratio of idler power of 265-cm Bi-EDF is plotted in Fig. 2 . The channel spacing is 1 nm. The measurement error of the ratio was less than 0.5 dB in this experiment. The power ratio of idler to signal was proportional to output signal power. On this type of fiber even at 20 dBm output power, the ratio is less than À50 dB. This Bi-EDF showed very small FWM cross-talk because of its short fiber length [21] .
Moreover, the longer wavelengths of the extended Lband window enable higher launched power with narrow channel spacing. This reduces undesirable non-linear effects such as FWM over dispersion shifted fiber (DSF) spans. Since the band location is far from the zero-dispersion wavelength, low-cost enhanced-reach or 3R-repeaterless DWDM transmission systems can be realized. Suzuki et al. reported an extended L-band Bi-EDFA using only 3-m long Bi-EDF with automatic gain control (AGC) for high gain DWDM amplifiers for use with DSF [22] . This Bi-EDFA provided a bandwidth ranging from 1577 nm to 1612 nm, shifted 7 nm in the direction of longer wavelength compared to the silica-based-EDFA. The measured gain and NF over a 16 dB input power range (À2 dBm to À18 dBm) were demonstrated. This Bi-EDFA exhibited a high output power of +20 dBm and a gain of 22 dB at an input power of À2 dBm and the AGC circuit enabled to hold the gain profile constant over the wide 16 dB dynamic range.
C + L-band amplification for CWDM
Coarse WDM (CWDM) system is also emerging as a mainstream technology for metro access optical networks. For the CWDM system, a wide-band amplifier is needed since the channel spacing of the wavelength grid is 20 nm, and each channel should have a wide tolerance due to the wavelength fluctuation of laser diodes. The amplification of CWDM signals has been demonstrated using fiber Raman amplifiers (FRAs) and rare-earth doped amplifiers [23, 24] . An 8-channel CWDM amplifier that has the output power of 19 dBm has been reported using FRAs. However, their gain per channel was relatively low (10 dB). Rare earth doped amplifiers have higher gain than FRAs, and an in-line CWDM amplifier that has 22.5 dB gain has been reported using erbium doped tellurite fiber amplifiers. However, their total output power was about 12 dBm. Bi-EDF had the 3-dB down bandwidth of 75 nm in the C + L-band [21] . Moreover, we demonstrated high-gain and high-power 4-channels CWDM amplifier using 3-stage cascaded Bi-EDFA [25] .
The fiber length of the first, second, and third stage were 90 cm, 70 cm, and 100 cm, respectively. These Bi-EDFs (Er: 3250 ppm) were pumped using four pump lasers at 1480 nm. Forward pump were applied for the first and the second stage to ensure low NF performance, and bidirectionally pump were applied for the third stage to use it as a boost amplifier. Gain flatting filters (GFFs: maximum insertion loss was 16.5 dB at 1560 nm) were inserted in the positions between the first and the second Bi-EDFs, and between the second and the third Bi-EDFs. The four CWDM signals (1551 nm, 1571 nm, 1591 nm, 1611 nm) were input using an amplified spontaneous emission (ASE) light source. Fig. 3 shows CWDM signals observed at the input and the output of Bi-EDFA. Measured NF characteristics are also shown. The error of gain and NF values is less than 0.5 dB. Total pump power in this case was 800 mW (200 mW/LD). For 0 dBm total input signal (À6 dBm/ch), the net gain was more than 20 dB for CWDM signals spreading 60 nm bandwidth. A total output power of 21.5 dBm was achieved.
Short pulse amplification
In conventional EDFAs, picosecond pulse amplification is difficult without dispersion compensation since they usually require several tens of meters of silica-based EDF. In contrast, Bi-EDF exhibits more than 10 dB gain in C + L-band using only 22-cm [8] . Taira et al. carried out short pulse amplification experiment using 12-cm long Bi-EDF (Er:6500 ppm) [26] . They showed 250-fs pulses amplification without significant pulse broadening and spectrum broadening, because the dispersion and self-phase modulation of optical pulses is negligible owing to the short fiber length. Set et al. studied 2.5-ps pulse amplification of 23-cm long Bi-EDF compared with Si-EDF and concluded that Bi-EDFA has a much higher (>10 dB) non-linear tolerance than a conventional Si-EDFA [27] . Sotobayashi et al. performed amplification of a 1-ps pulse using a 22.7 cm Bi-EDF over 80 nm wavelength range, from 1520 to 1600 nm [28] . Gains greater than 12 dB were obtained without pulse broadening in these wavelengths. We made a comparison between 420-fs pulse amplification characteristics of Bi-EDF and that of Si-EDF, which have the same product of Er 3+ -absorption and fiber length [29] . Fig. 4 (a) shows output power dependence of spectrum shape using 7-m long Si-EDF whose peak absorption is 6.3 dB/m. The spectrum was distorted even at 5 dBm with Si-EDF. On the other hand, the spectrum was not distorted even at 7 dBm with 0.22-m long Bi-EDF whose peak absorption is 219 dB/m as shown in Fig. 4(b) . The 64 W À1 km À1 nonlinear coefficient of Bi-fiber [14] is much higher than the $7 W À1 km À1 of the typical Si-EDF. Dispersion of Bi-EDF is $130 ps/nm/km [26] , and this value is also larger than that of Si-EDF (8 ps/nm/km [30] ). However, the fiber length of Bi-EDF for enough amplification is approximately 1/20-1/100 compared with Si-EDF. Thus, the effective non-linearity of Bi-EDF is 1/2-1/10 of Si-EDF. And the effective dispersion is 4/5-1/6 of Si-EDF. These small non-linearity and dispersion enable short pulse amplification without pulse width broadening. (cladding diameter of 125 lm) with plastic coating. In order to fabricate fiber with higher non-linearity c, we used core glass with n = 2.22 and clad glass with n = 2.13 at 1.55 lm. Thus the theoretical numerical aperture (NA) of this fiber is calculated to be 0.61. These glasses have the same thermal properties such as softening point and expansion coefficient and have sufficient thermal stability for fiber drawing as summarized in Table 1 . To make A eff smaller and to satisfy the single mode condition at 1.5 lm, the core diameter should be ranging from 1.9 to 1.4 lm.
Highly non-linear fiber
Fiber characteristics
The obtained core diameter is 1.72 lm and the fiber diameter is 125.4 lm. Therefore, the effective core area A eff is estimated to be 3.3 lm 2 . The propagation loss at 1310 nm was measured to be À1.9 dB/m using the cutback method.
Group-velocity dispersion (GVD) of the fiber was measured by homodyne interferometric method using Agilent 81910A. We find that the Bi-NLF has a large normal GVD of À270 ps/nm/km, which is mainly due to the material dispersion of the high refractive index glass; however, its effect is not so serious because of the short fiber length. Fig. 6 shows the experimental setup for FWM. The pump wavelength was fixed to 1550 nm. After being amplified by an Er doped fiber amplifier, the pump wave was combined with the signal wave whose wavelength was tuned in the range below 1550 nm, and input to the 2-mlong Bi-NLF using an aspherical lens whose NA is 0.55. The coupling loss in this setup is estimated to be 4.58 dB using the known propagation loss of the fiber and optical powers measured in front of the aspherical lens and at the Bi-NLF output. The pump power incident on the Bifiber was estimated to be 12.6 dBm (18.4 mW), and the signal power was estimated to be À15.8 dBm. From the output spectrum measured by an optical spectrum analyzer as shown in Fig. 7 , we can determine the power ratio of the newly generated idler wave and the signal wave. The result is shown by dots in Fig. 8 as a function of the wavelength difference between the signal and pump waves. The experimental errors of these measurements were less than 0.5 dB.
Four wave mixing experiment
The power ratio r(z) of the idler wave and the signal wave at the propagation distance z is expressed as
when the signal wavelength is close enough to the pump wavelength [31] . In Eq. (2), P av denotes the path average power of the pump wave given as
where P 0 is the input power of the pump wave and a the loss constant of the fiber. From Fig. 8 and Eq. (2), we obtain the non-linear coefficient c of the Bi-NLF as high as Table 1 Refractive index and thermal properties of core and cladding glasses Glass n (1550 nm) 1360 ± 160 W À1 km À1 . This value is more than twenty times larger than the reported maximum of the SiO 2 -based holey fiber. The non-linear refractive index n 2 calculated from Eq. (1) is 1.1 · 10 À18 m 2 W À1 , which is about 40 times larger than that of SiO 2 and is consistent with the previously reported value [17] . The decrease in the ratio with larger wavelength detuning shown in Fig. 8 is due to the GVD of the fiber. We performed fusion splicing of the Bi-NLF to a high-NA SiO 2 fiber (HI980, Corning) using a conventional splicing machine. The splicing loss was estimated to be À9.6 dB. The main reason for this large splice loss is the large MFD mismatch between SiO 2 fiber (6.0 lm) and Bi-NLF (2.1 lm): We find that the loss due to the MFD mismatch is 4.5 dB by calculations. In addition, we estimate that 0.5 lm misalignment of the axis would result in 2-dB extra loss. We have also evaluated the non-linearity of the fusion spliced Bi-NLF by FWM and obtained c as high as 1330 W À1 km À1 which is well in agreement with the lens-coupling experiment. Furthermore, we have succeeded in reducing the fusion splicing loss to À1.76 dB using ultra-high NA SiO 2 fiber (UHNA4, Nufern) whose NA is 0.35. These results indicate that the Bi-NLF could be the best candidate for the practical non-linear fibers used in all-optical processing.
Conclusion
Bismuth oxide based glasses whose refractive index >2.0 were prepared, and were applied to erbium doped fiber and highly non-linear fiber. Bismuth based erbium doped fiber (Bi-EDF) exhibits broadband gain profile covering 1530-1620 nm, short fiber length amplification because of high Er 3+ doping without quenching, fusion spliceability to SiO 2 fibers using a conventional splicer. Utilizing these characteristics, Bi-EDFs have been applying to extended L-band amplification, C + L-band amplification and short pulse amplification. Furthermore, we have developed novel Bi 2 O 3 -based glass material whose refractive index >2.2 and fabricated conventional step-index type highly non-linear fiber aiming at applications to all optical signal processing. This fiber exhibits high non-linearity (c = 1360 W À1 km À1 ) because of high non-linearity of the glass material and the small effective core area. The fiber also exhibits low loss (À1.9 dB/m) and fusion spliceability to SiO 2 fiber.
